Abstract. Many important ecological phenomena depend on the success or failure of small introduced populations. Several factors are thought to influence the fate of small populations, including resource and habitat availability, dispersal levels, interspecific interactions, mate limitation, and demographic stochasticity. Recent field studies suggest that Allee effects resulting from mate limitation can prevent the reestablishment of sexual zooplankton species following a disturbance. In this study, we explore the interplay between Allee effects and local environmental conditions in determining the population growth and establishment of two acid-sensitive zooplankton species that have been impacted by regional anthropogenic acidification. We conducted a factorial design field experiment to test the impact of pH and initial organism densities on the per capita population growth (r) of the sexual copepod Epischura lacustris and the seasonally parthenogenetic cladoceran Daphnia mendotae. In addition, we conducted computer simulations using r values obtained from our experiments to determine the probability of extinction for small populations of acid-sensitive colonists that are in the process of colonizing recovering lakes. The results of our field experiment demonstrated that local environmental conditions can moderate the impacts of Allee effects for E. lacustris: Populations introduced at low densities had a significantly lower r at pH 6 than at pH 7. In contrast, r did not differ between pH 6 and 7 environments when E. lacustris populations were introduced at high densities. D. mendotae was affected by pH levels, but not by initial organism densities. Results from our population growth simulations indicated that E. lacustris populations introduced at low densities to pH 6 conditions had a higher probability of extinction than those introduced at low densities to a pH 7 environment. Our study indicates that environmental conditions and mate limitation can interact to determine the fate of small populations of sexually reproducing zooplankton species. If a more rapid recovery of acid-damaged zooplankton communities is desired, augmentation of dispersal levels may be needed during the early phases of pH recovery in order to increase the probability of establishment for mate-limited zooplankton species.
INTRODUCTION
Many interesting phenomena in ecology, including the establishment of invasive species, the colonization of virgin environments, and the recolonization of habitat by extirpated species, depend on the success or failure of small populations (Grevstad 1999 , Taylor and Hastings 2005 . Consequently, understanding the factors that influence the growth or extinction of small populations is an important goal in ecology (Grevstad 1999 , Kramer et al. 2009 ). The growth of natural populations can be regulated by a variety of environmental and biological factors including resource and habitat availability, interspecific interactions such as competition and predation, and intraspecific interactions such as mating (Begon et al. 2006 ). The growth of small populations can also be significantly affected by Allee effects (Allee 1931) .
The Allee effect is defined as ''a positive relationship between any component of individual fitness and either numbers or density of conspecifics'' (Stephens et al. 1999) . The component of fitness referred to in this definition must be measurable, for example, as a change in survival or reproductive rate of an organism with population size or density (Stephens et al. 1999 ). There are many proposed mechanisms behind the Allee effect including difficulty finding mates at low population densities, predator dilution, antipredator vigilance, cooperative predation, and social thermoregulation, to name only a few (Courchamp et al. 1999) . A recent review indicates that there is evidence of Allee effects in natural populations for at least 59 different species (Kramer et al. 2009 ).
In addition to the constraints imposed by Allee effects, the growth of small populations can also be significantly impacted by demographic stochasticity 1 E-mail: derek.gray@queensu.ca (Richter-Dyn and Goel 1972, Dennis 2002 ). Demographic stochasticity is not typically classified as an Allee effect because it does not directly impact individual fitness (Stephens et al. 1999) . Instead, demographic stochasticity works at the population level by increasing extinction risk (Lande et al. 2003) . Demographic stochasticity operates in populations both large and small, but fluctuations in population density are expected to scale inversely with the square root of population numbers, making smaller populations more susceptible (May 1973, Griffen and Drake 2008) . As a result of the combined influence of Allee effects and demographic stochasticity, the probability of establishment for a small population colonizing new habitat tends to increase as the initial number of individuals in a population increases (Dennis 2002) . This relationship has been adopted as a general principle in invasion biology, with the introduction of the term ''propagule pressure'' to be used when referring to the number of individuals introduced and/or the number of introduction events that have occurred (Colautti et al. 2006) . In addition to propagule pressure, environmental conditions and species-specific traits are also thought to contribute to the success or failure of introduced species (Kolar and Lodge 2002) . The effects of propagule pressure and local environmental variables are often evaluated independently; however, recent studies of invasive plants suggest that propagule pressure can interact with local variables to determine the success of introduced populations (Thomsen et al. 2006 , BrittonSimmons and Abbott 2008 , Eschtruth and Battles 2009 . The interaction effects found in these studies suggest that decreased abiotic resistance, reflected as disturbance or increased water availability, can amplify the effect of propagule pressure, leading to an interaction between propagule pressure and local environmental variables (Thomsen et al. 2006 , Britton-Simmons and Abbott 2008 , Eschtruth and Battles 2009 .
Both local and regional variables can impact how communities respond to regional environmental change (Berg et al. 2010 , Westley et al. 2010 . The acidification of lakes and streams in portions of eastern North America and central and northern Europe represents a well-studied example of regional environmental change that has occurred as a result of human activities (Schindler 1988) . Decreased pH levels in affected systems caused decreases in species richness and species diversity of zooplankton communities Pitblado 1984, Marmorek and Korman 1993) . Fortunately, the reduction of sulphur dioxide and nitrogen oxide emissions throughout the 1960s and 1970s has allowed for pH increases in affected systems (Stoddard et al. 1999 , Driscoll et al. 2001 , Vestreng et al. 2007 . As a result, zooplankton communities damaged by acidification have started to recover (Yan et al. 2004 , Monteith et al. 2005 , Arnott et al. 2006 . Despite pH increases, however, the rate of zooplankton community recovery has been slower than expected , 2004 , Arnott et al. 2006 , Nedbalova´et al. 2006 , Masters et al. 2007 ). Local factors, including water pH and community resistance, and regional factors (dispersal) are thought to contribute to the slow recovery of zooplankton communities (Gray and Arnott 2009) .
A recent study by Gray and Arnott (2011) indicates that the spatial arrangement of lakes on the landscape of Killarney Provincial Park is an important predictor of the structure of recovering zooplankton communities. This suggests that dispersal levels may vary among lakes within the park, producing detectable spatial patterns within the park's zooplankton communities (Gray and Arnott 2011) . In addition to variation in dispersal levels, there is also variation in pH levels of the park's lakes due to differences in the extent of the original damage and the rate of pH recovery (Shead 2007) . Given the difficulty of finding mates at low population densities (Gerritsen 1980) , and the sensitivity of many zooplankton species to low pH levels, it is reasonable to ask if there is a potential for propagule pressure and pH levels to interact in determining the population growth and reestablishment of acid-sensitive zooplankton populations within the park. A population introduced to optimal pH conditions could theoretically experience a higher per capita growth rate (r) than a population introduced to suboptimal pH due to pH-related differences in birth and death rates (Rundle 1993 , Vijverberg et al. 1996 , Yin and Niu 2008 . Allee effects could act to exaggerate pH-related differences in r when populations are introduced at low initial densities, but would have little effect on r when populations start at high initial densities (Fig. 1) . The potential for this type of interaction has typically been overlooked by ecologists studying the recovery of damaged communities, as well as by invasion biologists that are studying the FIG. 1. Conceptual model showing how an interaction between propagule pressure and pH could affect the per capita growth rate (r) of an acid-sensitive species. The dashed line is pH 5, the solid line is pH 6, and the dotted line is pH 7. Differences in r among pH levels are exaggerated at low propagule pressure due to Allee effects, but these differences diminish as the density of an introduced population increases.
determinants of invasion success for animal species. For this study, we performed field experiments coupled with computer simulations to determine if an interaction between local variables and dispersal could influence the population growth and establishment of a colonizing species.
METHODS

Enclosure experiments
To determine if propagule pressure and pH could interact to determine the colonization success of acidsensitive zooplankton populations we conducted an enclosure experiment that simulated the recolonization of recovering lakes by two acid-sensitive colonists: the copepod Epischura lacustris and the cladoceran Daphnia mendotae. These two species were chosen to represent different life history strategies. D. mendotae can reproduce asexually and therefore would be subject to demographic stochasticity, but not Allee effects resulting from mate limitation. In contrast, E. lacustris is an obligate sexual species vulnerable to both demographic stochasticity and mate limitation.
Experiments were conducted using floating enclosures on Carlyle Lake (46803 0 N, 81817 0 W) in Killarney Provincial Park, between 1 July and 26 August 2009. Enclosures were constructed following the methodology of Arnott and Vanni (1993) . Each enclosure consisted of a 1 m diameter cylindrical polyethylene tube that was closed off from the lake at the bottom and suspended ;30 cm above the water surface with a floating wooden frame. Each tube was approximately 1.8 m in length and was filled with lake water to a depth of 1.5 m (1500 L volume). The depth of water in enclosures was selected in order to provide a refuge from ultraviolet light penetration. Given dissolved organic carbon levels in Carlyle Lake of 3.6 mg/L (Shead 2007) , the 95% UV attenuation depth should be approximately 0.5 m (Williamson et al. 1996) . Lake water added to enclosures was filtered consecutively through 80-lm and then 50-lm mesh to remove crustacean zooplankton. Enclosures were covered with tulle fabric (;1.2 mm mesh size) to prevent contamination from diapausing eggs transported by waterbirds and to prevent the colonization of large aquatic insects.
In order to test for an interaction between pH and propagule pressure, our experiment employed a 3 3 3 factorial design, with three levels of pH (5, 6, 7) and three levels of propagule pressure (low, medium, high). The three pH levels were chosen to span the variation in lake water pH in acidified lakes (e.g., Shead 2007) . A treatment of pH 6 was desirable due to strong evidence for a threshold of community change at this pH (Holt and Yan 2003) . To produce the three pH levels needed for the experiments, sulphuric acid or sodium bicarbonate slurry was added to decrease or increase the pH levels in each enclosure. The amount of acid or base to add to the enclosures was determined by titration and the pH levels in enclosures were subsequently measured every 14 days to ensure that they stayed within 60.2 units of the desired pH.
In choosing the number of individuals to add for each of the three propagule-pressure treatments, we wanted to use starting population densities low enough to cause Allee effects, but high enough to avoid extinction within the time frame of our experiment. To get a rough estimate of the threshold density between extinction and population growth for E. lacustris, we calculated the critical density required for sexual reproduction (N C ) based on the mate finding model by Gerritsen (1980) :
where R is the finite population growth rate on a daily basis, t is the length of the breeding season (d), v is the swimming velocity (m/d), and d is the encounter radius (m). The N C values produced by the model are in number of individuals/m 3 , and in theory, the density of individuals introduced must exceed N C to avoid extinction (Gerritsen 1980) . We calculated high and low critical densities for E. lacustris using two different values for R (1.05 and 1.5) and the following parameter values: t ¼ 56, v ¼ 259 (Wong and Sprules 1986) , and d ¼ 3.6 3 10 À3 (based on adult body length; Gerritsen 1980 , Balcer et al. 1984 . R values of 1.05 and 1.5 were chosen to represent low and high population growth rates since this parameter could vary widely depending on environmental conditions. The length of breeding season corresponds to the length of the experiment. Given these parameter estimates, the critical density of E. lacustris is expected to fall between ;3 and ;8 individuals/m 3 . To include propagule-pressure treatments within and above the range of N C , 4, 14, and 30 individuals were introduced to 1.5-m 3 mesocosms to produce densities of 2.6, 9.3, and 20 individuals/m 3 in low-, medium-, and high-propagule-pressure treatments, respectively. The experimental design included three replicates for each propagule pressure 3 pH treatment combination and three replicate controls to which no animals were introduced. It should be noted that errors in parameter value estimates for swimming speed, detection radius, and length of the breeding season could lead to overestimates or underestimates of N C (see Gray and Arnott 2011 for a sensitivity analysis of this model). In addition, past studies indicate that E. lacustris can produce up to four clutches from a single mating (Chow-Fraser and Maly 1988) . The number of eggs produced appears to decline significantly with each clutch subsequent to the first (Chow-Fraser and Maly 1988), however the production of multiple clutches means that Gerritsen's (1980) model likely overestimates N C for this species. As a result, our calculated N C values should only be viewed as a rough estimate.
Epischura lacustris and Daphnia mendotae used in experiments were collected from McFarlane Lake, Sudbury, Ontario (46825 0 N, 80857 0 W). The zooplankton community was sampled on 30 June 2009 using an 80-lm conical zooplankton net and live samples were transported to the laboratory for sorting. In the laboratory, D. mendotae and E. lacustris individuals were extracted from Petri dishes using disposable plastic pipettes, and individuals were placed on glass microscope slides in a drop of water. Identification of the two species was then confirmed by examination under a dissecting microscope and individuals were transferred into 250-m L sample containers that had been previously filled with filtered (50 lm) McFarlane Lake water. To correspond with the three propagule-pressure treatments, 4, 14, or 30 individuals were placed into the 250-mL sample containers during sorting. For E. lacustris, equal numbers of males and females were placed in each sample container, while only nonovigerous female D. mendotae were included. D. mendotae that happened to get stuck in the surface tension of the water during sorting were pushed down gently with a probe to submerge them, or were replaced if they could not be freed.
To avoid complications due to interspecies competition, D. mendotae and E. lacustris did not share enclosures. As a result, 27 enclosures were required for each of D. mendotae and E. lacustris, while three additional enclosures were used as controls that received no colonists (¼ 57 enclosures total). Enclosures were numbered from 1 to 57 and each pH 3 propagule pressure treatment combination for the two species was assigned to an enclosure using a random number generator. D. mendotae and E. lacustris were introduced to their enclosures on 1 July 2009 by submerging and opening the 250-m L sample containers within their assigned enclosures.
To determine the impact of propagule pressure and pH on the colonization success of D. mendotae and E. lacustris we measured the growth of the introduced populations through time by sampling our enclosures after four, six, and eight weeks. No sampling occurred during the first four weeks to allow for the reproduction of introduced individuals before harvesting. Sampling at weeks 4 and 6 consisted of a single vertical haul from the bottom to top of each enclosure using a 30 cm diameter zooplankton net. At week 8, we sampled more extensively by taking 13, 1.5-m vertical hauls from each enclosure with a 30 cm diameter zooplankton net. Based on the volume of water sampled with our nets, and the percentage of the population remaining in the enclosures after each net haul, 12% of the existing zooplankton population was sampled at weeks 4 and 6, while 82% was sampled at week 8. Estimated population sizes for each enclosure at each sampling date were calculated by dividing the total number of individuals captured by the proportion of the water in each enclosure that was sampled with our zooplankton nets.
The per capita population growth rate (r) of individuals in each of the 54 stocked enclosures was determined by calculating the natural logarithm of the estimated population size at each time interval (weeks 0, 4, 6, and 8) and fitting a least-squares linear regression model to determine the slope of the line. The slope of the semi-logarithmic plot of population size vs. time represents r (Gotelli 2001) . Zeros for weeks 4 and 6 were excluded when fitting the regressions because the natural logarithm of 0 could not be calculated. In addition, the failure to collect individuals at weeks 4 and 6 was assumed to be a reflection of the low probability of detection with one vertical net tow since individuals were often collected from the same enclosures at subsequent sampling dates. As a consequence of excluding zero values at week 4 and 6, overall r for some enclosures was estimated based on the starting population size and the abundance estimates at one or two collection dates rather than three. To meet the assumptions of normality for planned statistical tests, the data sets of r values for D. mendotae and E. lacustris were (square root þ 1)-transformed (Lilliefors tests; P . 0.05 after transformation). Both data sets were also tested for homogeneity of variances using Levene's test (P . 0.05 in both cases). A factorial analysis of variance (ANOVA) was then conducted separately for each species to determine if r differed significantly among propagule-pressure treatments or pH treatments, and if variation among treatments was based on an interaction between propagule pressure and pH. ANOVAs were followed by post hoc Tukey honestly significantly different (hsd) tests to determine where significant differences existed.
Modeling the effects of mate limitation and environmental conditions on r
To assist with the interpretation of the results from our enclosure experiment, we explored the combined impacts of environmental conditions and mate limitation on the growth of introduced populations using a mate limitation model developed by Gerritsen (1980) :
where Z is the rate of mate encounter, d is the encounter radius (m), n is the density of individuals in the environment (number/m 3 ), and v is the swimming velocity of the animals (m/d). The probability of an individual mating (P) can then be described by the following asymptotic function:
where t is time in days (Gerritsen 1980) . The model assumes that animals are homogeneously distributed and swim randomly in the water column to find mates. Given the above model, the per capita growth rate (r) at each time step can be calculated as
where b is the per capita birth rate and d is the per capita death rate. Note that P t changes through time as the size of the population increases or decreases. The parameter values we selected for this model match those used for calculating critical densities for E. lacustris above (d ¼ 3.6 3 10 À3 , v ¼ 259). Using the model described in the previous paragraph, it is possible to explore the combined effects of environmental conditions and mate limitation on population growth by assuming that birth rates (b) and death rates (d) differ dependent on the environment inhabited by an introduced population. This assumption is justified for environments with differing pH levels because previous studies have demonstrated that pH levels can influence both b and d, especially for acidsensitive species (Keller et al. 1990 , Locke 1991 , Havens 1993 , Rundle 1993 , Vijverberg et al. 1996 , de Eyto and Irvine 2001 , Yin and Niu 2008 . Our goal was to determine if the results of our enclosure experiments could be mirrored in our simulations given realistic parameter values for b and d. To achieve this goal, we matched all parameters in our model to those in our enclosures including the starting population sizes for each treatment (4, 14, and 28) and the volume of the habitat (enclosures ¼ 1.5 m 3 ). We then determined the relationship between r and time given values of b between 1 and 7 for mated females assuming a d of 0.05. In addition, we determined the relationship between r and time given values of d between 0.01 and 0.1 assuming a b of 3 for mated females. We assumed that the population growth in enclosures followed the standard logistic model with carrying capacities (K ) set at 150, 500, or 1000 individuals per enclosure. These carrying capacities were selected to represent the range of densities of E. lacustris found in a recent survey of zooplankton communities in Killarney Park (Shead 2007) . The range of b values was chosen based on cumulative egg production estimates in a laboratory study that suggested b for E. lacustris could range between 0.05 and 7 (Schulze and Folt 1990) . The range of d values was based on survivorship of E. lacustris in laboratory experiments that suggested d can vary between roughly 0.06 and 0.1 (Chen and Folt 1993) . For each combination of b and d our simulated communities were ''sampled'' by determining the projected population sizes at four, six, and eight weeks. We calculated the realized r values from our simulations using the same method described for our enclosure experiments to determine which values of b, d, and K could produce results similar to those found in our enclosure experiments. It is important to note that errors in parameter value estimates for swimming speed and the detection radius in our model can lead to inaccuracies in the estimates of b, d, and K experienced by populations in our enclosures. Therefore, the parameter values for b, d, and K that best reflect the results of our enclosure experiments should only be viewed as rough estimates of the true population parameters.
Simulating growth and extinction of mate-limited populations
To determine the possible consequences of the differing per capita population growth rates for E. lacustris that were found in our enclosure experiments, we ran simulations using the R programming language (R Development Core Team 2009). While our enclosure experiments were designed to test the combined impacts of pH and propagule pressure at the individual level through changes to r, this simulation was designed to explore how differences in r combined with stochastic population growth could influence the probability of extinction at the population level. These simulations were designed to determine the probability of extinction for a population of four individuals introduced into a lake of pH 5, 6, or 7 based on the r values obtained from the low propagule-pressure treatments in our experiments. The program simulated stochastic exponential population growth over a 90 day reproductive season using an algorithm from Renshaw (1991:38) . Although the simulations were run for 90 days, the highest probability of extinction occurred at the beginning of the simulations when population sizes were small. Once the population size surpassed approximately 90 individuals the probability of extinction was ,1% (D. Gray, unpublished data). Because E. lacustris females do not carry their eggs, we were not able to estimate birth (b) and death rates (d) from our experiments using the egg ratio method (Paloheimo 1974) . Therefore, when running our simulations we used combinations of b and d that produced the r values obtained in our experiments (b À d ¼ r). Death rates used ranged from 0.05 to 0.9. Simulations were repeated 1000 times for each d, and the percentage of populations reaching extinction was calculated. These simulations allowed us to establish a relationship between r, d, and the probability of extinction for a small population of E. lacustris introduced into a lake with a pH of 5, 6, or 7.
Colonization patterns of zooplankton in Killarney Park
To determine if seasonally parthenogenetic species might recolonize recovering lakes faster than sexual species do, we analyzed changes in planktonic zooplankton species richness for 45 lakes in Killarney Provincial Park by comparing data sets collected near the peak of acidification in 1972 -1973 (Sprules 1975 and during chemical recovery in 2005 (Shead 2007 ). The average change in species richness per lake was calculated for cladocerans and copepods, as well as for calanoid and cyclopoid copepods separately. To determine if differences in recovery patterns among groups could be caused by differences in the number of species in each group, or the relative rarity of the species in each group, the total number of species present in the 45 lakes for each group, and the average percentage of the 45 lakes occupied by each species in each group, were also calculated.
RESULTS
Enclosure experiments
Samples collected at the end of our eight week experiment revealed that Daphnia mendotae and Epischura lacustris individuals were present in 25 of 27 and 24 of 27 enclosures, respectively. The five enclosures that did not contain introduced populations at the end of the experiment were replicates of the low-propagulepressure, pH 5, treatment combination. Populations introduced into pH 5 enclosures declined in size over the course of the experiment and showed no evidence of reproduction, while those in pH 6 and 7 enclosures increased through time (Fig. 2) . Rotifers and small copepods (Microcyclops sp.) were detected in control enclosures from the first sampling period onward. These small taxa likely passed through filter mesh when enclosures were initially filled. D. mendotae and E. lacustris were not detected in control enclosures throughout the course of the experiment.
Results of a factorial analysis of variance for introduced D. mendotae populations revealed a main effect based on pH (Table 1 ; Fig. 3a ). Follow-up Tukey hsd tests revealed that r was significantly lower for populations introduced into pH 5 enclosures compared to those in pH 6 and 7 enclosures, but there was not a significant difference in r between pH 6 and pH 7 treatments. Results of a factorial analysis of variance for E. lacustris populations revealed significant main effects of pH and propagule pressure, as well as a pH 3 propagule-pressure interaction effect (Table 1 ; Fig. 3b) . The presence of an interaction indicates that r for E. lacustris populations differed among pH treatments dependent on the level of propagule pressure. Follow up Tukey hsd tests indicated that there were no significant differences in r among E. lacustris populations introduced to pH 6 and 7 enclosures at medium and high propagule pressure (P . 0.05). However, for E. lacustris populations colonizing pH 6 enclosures, those introduced at low propagule pressure had a significantly lower r compared to those introduced at medium and high propagule pressure (P , 0.05). For E. lacustris populations colonizing pH 7 enclosures, those introduced at low propagule pressure had significantly lower r values compared to those that were introduced at high propagule pressure (P , 0.05), but the difference was not significant when comparing populations introduced at low and medium propagule pressure (P . 0.05). Populations introduced into pH 5 enclosures at all propagule-pressure levels had a significantly lower r compared to those introduced into pH 6 and 7 enclosures (P ,0.05), but there were no significant differences among populations introduced to pH 5 enclosures based on propagule pressure (P . 0.05).
Modeling the effects of mate limitation and environmental conditions on r
Results from our modeling exercise that explored the combined impacts of environmental conditions and mate limitation on the growth of introduced populations revealed that the results of our enclosure experiments for E. lacustris could be obtained using realistic per capita birth (b) and death (d) rates. One set of parameters that produced results similar (r 6 0.01) to those in Fig. 3 were as follows: a carrying capacity of 150 individuals per enclosure, b ¼ 0, 3, and 3 and d ¼ 0.053, 0.053, and 0.05 for pH 5, 6, and 7 treatments, respectively. Similar results were obtained if d remained constant at 0.05 and we introduced small differences in b between pH 6 and 7 treatments (b ¼ 2.85 in pH 6 vs. b ¼ 3 in pH 7; results not presented). Note that the carrying capacity we selected matches the maximum population size for E. lacustris found in our enclosures (Fig. 2) . The model results indicate that small differences in the per capita birth or death rate can dramatically change the length of time required for a sparse population to overcome Allee effects and reach the maximum r (Fig. 4a vs. 4b) . Conversely, small differences in d or b have little effect on the trajectory of r when populations are stocked at higher initial densities (Fig. 4a vs. 4b) . As a result, r values could be similar when comparing dense populations introduced to pH 6 vs. pH 7 conditions, but significantly different when conducting the same comparison for sparse populations (Fig. 4) .
Simulating growth and extinction of mate-limited populations
Results of population growth simulations using r values obtained from our experiments indicate that populations of four individuals introduced into a pH 5 or 6 environment had a higher probability of extinction than those introduced into an environment with a pH of 7 (Fig. 5) . At a daily per capita death rate (d ) of 0.05, the percentage of populations reaching extinction was 25 percentage points higher for those introduced to pH 6 conditions compared to those introduced to a pH 7 environment (Fig. 5) . However, differences in the percentage of populations reaching extinction decreased with increasing d, such that when d ¼ 0.9 the percentage of populations reaching extinction was only 3 percentage points higher for populations introduced to pH 6 conditions compared to those introduced to an environment at a pH of 7 (Fig. 5) . The results of this simulation mirror the extinction probabilities calculated using the analytical solution provided by Gotelli (2001:19) .
Colonization patterns of zooplankton in Killarney Park
Our analysis of changes in species richness in Killarney Park lakes between 1972-1973 and 2005 revealed that the average increase in the number of species per lake was higher for Cladocera than for Copepoda ( Table 2 ). The increase in the average number of species per lake was 2.7 times higher for Cladocera than for Copepoda, while there were only 1.4 times as many cladoceran species in the park as copepod species (Table 2 ). The species richness of Cyclopoida increased between 1972-1973 and 2005 , while the species richness of Calanoida decreased. The average percentage of the 45 survey lakes occupied by species in each of the four groups was similar, ranging from 23.5% to 28.4% (Table 2) .
DISCUSSION
The results of our enclosure experiment suggest that an interaction between propagule pressure and local environmental conditions can influence the population growth of a sexual species that is colonizing new habitat. Epischura lacustris populations introduced at low propagule pressure had a significantly lower r compared to those introduced at higher propagule pressures, suggesting that an Allee effect caused by mate limitation likely occurred in our experiment. The detection of an Allee effect alone is not surprising, as it has been documented in other copepod species Knapp 2004, Kramer et al. 2008 ). However, we also detected an interaction between pH and propagule Note: The per capita growth rate was calculated using population data collected at weeks 0, 4, 6, and 8 of the experiment (see Methods for more information).
FIG. 3. Per capita growth rates (r) for (a) Daphnia mendotae and (b) Epischura lacustris populations introduced to pH 5, 6, or 7 water at low, medium, or high propagule pressure. Low, medium, and high propagule-pressure treatments started with densities of 2.6, 9.3, and 20 individuals/m 3 , respectively. Error bars represent 6SD.
pressure when comparing r values among E. lacustris populations. This interaction between propagule pressure and a local variable has not been previously documented for zooplankton species, and it indicates that the magnitude of the Allee effect observed in our experiments depended on the pH of the recipient enclosures. The propagule-pressure 3 pH interaction detected in our enclosure experiments for E. lacustris indicated that there was a disproportionate effect of propagule pressure on r in the pH 6 treatment compared with the pH 7 treatment. This relationship could be explained if the per capita birth (b) or death (d) rates were directly or indirectly influenced by the pH levels in our enclosures. There is evidence in the literature that pH levels can affect egg viability (Vijverberg et al. 1996, Yin and Niu 2008) , clutch size (Rundle 1993) , egg development time (de Eyto and Irvine 2001) , and overall population growth rate (Hooper et al. 2008, Yin and Niu 2008) for various zooplankton species. Changes to any of these parameters could potentially affect b. There is also a preponderance of evidence indicating that pH levels can affect d, especially for acid-sensitive species (Keller et al. 1990 , Locke 1991 , Havens 1993 . The effects of pH on b or d would not have to be large, as our modeling exercise indicated that small differences in b or d can cause dramatic differences in r when a sexually reproducing population is introduced at low density (Fig. 4) . It is unclear from our experiments whether the interaction between pH and propagule pressure that we detected was a result of changes to the birth rate, death rate, or both. However, E. lacustris was selected for our experiments because it is a considered to be sensitive to acidification and is typically absent from acidified lakes (Gray and Arnott 2009) . Therefore, it is likely that low pH levels would have some impact on demographic parameters for this species.
For populations of Daphnia mendotae introduced to our enclosures, r differed significantly according to the pH treatment, but not according to propagule-pressure treatment. This was not surprising, as this species has been found to be particularly sensitive to acidic conditions in both field and laboratory studies (Keller et al. 1990 , Havens 1993 , and there were no a priori reasons to expect that the density of D. mendotae populations would influence per capita population growth rates. These results suggest that in systems where dispersal may be limited, such as Killarney Park (Gray and Arnott 2011) , the reestablishment of seasonally parthenogenetic species should occur more rapidly than for sexual species that need to locate mates. FIG. 5 . Results of a simulation conducted to determine the probability of extinction for Epischura lacustris when introduced into water of pH 5 (dashed line), pH 6 (solid line), or pH 7 (dotted line) at a density of 2.6 individuals/m 3 . See Methods for a description of simulations. Although seasonal parthenogens may be limited by the need to produce sexual resting eggs to overwinter successfully, asexual reproduction after initial colonization increases the likelihood that they will surpass the critical density required for sexual reproduction before inhospitable conditions set in (Drake 2004) . Our comparison of changes in species richness for 45 lakes in Killarney Provincial Park provides some anecdotal evidence that recovery may occur more slowly for copepods than for cladocerans. Nearly one additional cladoceran species on average colonized the 45 survey lakes between 1972-1973 and 2005 , but only 0.35 additional copepod species were added to each lake (Table 2) . Furthermore, an average of 0.42 cyclopoid species was added to each of the 45 lakes, while calanoid species richness actually decreased slightly ( Table 2) . The average percentage of the 45 lakes occupied by each species in the four groups (copepods, cladocerans, cyclopoids, calanoids) was similar, suggesting that relative rarity was not responsible for the differences among groups (Table 2 ). The fact that cyclopoid species richness increased while calanoid species richness did not is an important observation because cyclopoids are capable of sperm storage (Thorp and Covich 1991) , and therefore may be less affected by difficulties related to mate acquisition. It is important to stress that we do not really know what factors are driving these patterns. It is possible that calanoid copepods may be poor dispersers compared with cladocerans and cyclopoids (Ca´ceres and Soluk 2002 , Allen 2007 , Frisch and Green 2007 . Their establishment may also be hindered by simple Allee effects rather than a complex interaction between propagule pressure and pH levels. Nevertheless, the results of our enclosure experiment, our simulations, and the patterns of recovery in Killarney Park, all suggest that the recovery of calanoid copepod populations in acid-damaged lakes may be particularly difficult.
Although our enclosure experiments focused on the combined influence of pH and propagule pressure at the individual (per capita) level, our stochastic population growth simulations demonstrate that differences in r caused by this interaction translate into differences in the probability of establishment at the population level. The results of our simulations aimed at determining the probability of extinction for Epischura lacustris introduced at low propagule pressure to pH 5, 6, and 7 conditions suggests that a population introduced to pH 5 or 6 water is more likely to go extinct than a population introduced to pH 7 water (Fig. 5) . This relationship occurs because Allee effects can exaggerate small differences in r between different environments when populations are introduced at low densities (Fig.  4 ). Differences in r can then have significant impacts on the probability of extinction since higher r values allow for a faster escape from low population sizes that leave a population vulnerable to extinction caused by demographic stochasticity (Grevstad 1999) . Since this simulation used growth rates calculated from our enclosure experiment, the specific probabilities of extinction are probably only relevant to those conditions found in our enclosures. For example, nutrient concentrations, food quality and quantity, competition, predation, and other local environmental variables will influence r (Kilham et al. 1997 , Makino et al. 2002 . Nevertheless, these simulations suggest that, in general, a higher number of individuals may be required at pH 6 to produce the same probability of establishment as a smaller population at pH 7.
Based on the results of our enclosure experiments, we propose that an Allee effect resulting from mate limitation is the likely mechanism behind the propagule pressure x pH interaction detected in our enclosure experiments. The interaction we have proposed works at the individual level by affecting per capita growth rates. However, it is important to point out that the relationship between r and the probability of extinction discussed in the previous paragraph is applicable to populations undergoing either sexual or parthenogenetic reproduction. Populations with higher r values are less likely to reach extinction caused by demographic stochasticity compared with those that have lower r values, regardless of the mating system (Grevstad 1999) . Therefore, it is likely that propagule-pressure 3 environmental-variable interactions also occur for parthenogenetic species. Instead of occurring at the individual level with mate limitation as the mechanism, and r as the response variable, this interaction could occur at the population level with demographic stochasticity as the mechanism, and the probability of extinction as the response variable. Because demographic stochasticity is the expected driver of extinction in an asexual population the probability of extinction would decrease exponentially with increasing population size as opposed to in a sigmoidal manner as occurs in mate-limited populations (Dennis 2002, Kramer and Drake 2010) . This type of interaction can be explored using computer simulations, but would be more difficult to test in the laboratory or field due to the large number of replicate Notes: The average change in species richness per lake for each group was calculated using zooplankton data for 45 lakes collected in 1972-1973 and 2005 . The average percentage of lakes occupied by each species was based on data from the 2005 survey.
populations required to accurately measure extinction probabilities.
Our enclosure experiment combined with our population growth simulations suggest that the probability of an acid-sensitive calanoid copepod establishing in a recovering lake is influenced by both dispersal levels and water pH. This indicates that it would be unlikely for a calanoid copepod species to establish in an isolated lake that is early in the process of chemical recovery (i.e., crossing the pH 6 threshold) if both dispersal and pH levels are suboptimal. As the pH of this hypothetical isolated lake increases, the probability of establishment would also increase until, at some threshold pH, r will be positive, and establishment will be possible (Fig. 1) . If this scenario does in fact reflect reality then it is tantalizing to speculate that the extra time required for pH levels to increase from those adequate for survival (;6.0 for many species; Holt and Yan 2003) to those needed to overcome Allee effects, could be responsible for the time lag in community recovery documented in many studies (Keller and Yan 1998) . However, the time lags observed in past studies have included the entire zooplankton community, not just copepods (Keller and Yan 1998) , and therefore it is likely that a number of variables, including low overall dispersal levels, contribute to this phenomenon. From a management perspective, our results suggest that augmentation of dispersal levels could expedite the recovery of calanoid copepod populations damaged by a press-type stressor Knapp 2004, Kramer et al. 2008) . Given the interaction between propagule pressure and pH for E. lacustris, our results also suggest that the augmentation of dispersal is needed most during the early phases of pH recovery when pH has increased to a level adequate for survival, but the probability of establishment for a small calanoid copepod population is low. Unfortunately, human-mediated dispersal would carry the risk of increasing dispersal rates for invasive species, such as Bythotrephes longimanus, that have already invaded many recovering lakes (Strecker and Arnott 2005) . Further reductions in acidifying emissions would also increase the rate of recovery for acid-sensitive species as it would allow the pH levels in affected lakes to increase more rapidly. The recovery of damaged communities in some lakes may be entirely dependent on future emissions, as critical loads are still exceeded for hundreds of lakes in eastern North America and current acid deposition reduction scenarios suggest that the pH and acid neutralizing capacity of many lakes will not fully recover by 2030 (Clair et al. 2007) .
Throughout this study, we have focused on the importance of zooplankton dispersal that occurs across the landscape; however, there is evidence that many species can also ''disperse'' through time via the diapausing egg bank (Binks et al. 2005, Gray and Arnott 2009 ). Calanoid copepods can produce diapausing eggs that remain viable for decades in lake sediments (Hairston et al. 1995) . Therefore, the recolonization of acid-damaged lakes may occur from both internal and external sources (Keller and Yan 1998) . In the case of long-term disturbances, such as acidification, hatching may be limited due to egg burial or low egg viability (reviewed in Gray and Arnott 2009 ). However, individuals that do hatch from the egg bank would likely combine with those entering recovering lakes via overland dispersal. As a result, it is not necessarily true that an isolated lake will receive few colonists if hatching rates for diapausing eggs are high. Depending on the density of animals achieved with contributions from the egg bank and overland dispersal, we expect that population growth rates and extinction probabilities for the resulting populations will be influenced by the same propagule-pressure 3 pH interaction we detected in our enclosure experiments.
Although our study focused on the reestablishment of a zooplankton species following the recovery of aciddamaged lakes, we believe that our results may apply to the introduction and establishment of species in general. Several studies with plants have identified an interaction between propagule pressure and a local environmental variable in determining the establishment success of an introduced species (Thomsen et al. 2006 , BrittonSimmons and Abbott 2008 , Eschtruth and Battles 2009 . We could find no animal studies that have documented this type of interaction at the individual level, however, we believe that it is likely to occur when there is high variation in a particular environmental variable among systems, and that environmental variable is correlated with r. Examples that may or may not warrant study include Dreissenid mussels and calcium concentrations (Hincks and Mackie 1997) and the introduced amphipod Echinogammarus ischnus and conductivity (Kestrup and Ricciardi 2010) , among many others. We are aware that the relationships we describe in this paper between organism density and mating success, environmental variables and r, and r and the probability of extinction, all derive from well-known, very basic ecological models. However, we could find no studies that documented the consequences of these relationships in terms of the potential interaction between environmental variables and dispersal. We hope that the evidence from our enclosure experiments coupled with the results of our simple simulations will encourage other researchers to look for similar patterns in other introduced populations. Ultimately, understanding the interplay between propagule pressure and local environmental variables could improve modeling and management efforts for both native and introduced populations. 
